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A low-cost, one-module c rash  cushion has  been developed by t h e  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  (NASA) as p a r t  of i t s  
Technology Trans fe r  Program, a program f o r  adap t ing  NASA technology 
( i n  t h i s  case, t h e  l u n a r  l and ing  impact a t t e n u a t o r )  t o  s o l v e  terrerstrial  
problems i n  t h e  p u b l i c  s e c t o r  ( i n  t h i s  case, v e h i c l e  c o l l i s i o n s  w i t h  
t u i l i t y  p o l e s  and t r e e s ) .  
i n  NASA Tech Brief  72-10712, wherein many cont iguous  c y l i n d e r s  o r  sphe res ,  
a r ranged  i n  m u l t i p l e  s t ra ta ,  a t t e n u a t e  a n  impact by s e q u e n t i a l l y  c rush ing .  

The cushion is  based on a concept d i s c l o s e d  

Cy l inde r s  used i n  t h e  NASA crash  cushion  are d i sposab le  aluminum 
beverage cans,  which were s e l e c t e d  because o f  t h e i r  low c o s t  and h igh  
energy d i s s i p a t i o n  q u a l i t i e s .  The cans  are conta ined  i n  a box-like frame, 
whose s i d e s  s l i d e  p a s t  t h e  tree or  p o l e  as t h e  cans are crushed dur ing  an 
impact.  The t o t a l  weight of  t h e  3-ft. wide/3-f t .  h igh /6 - f t .  l ong  module 
i s  about  300 l b .  T o t a l  c o s t  f o r  materials i s  approximately $150. 

Crash t e s t i n g  w a s  conducted i n  accordance w t i h  t h e  Nat iona l  Coopera- 
t i v e  Highway Research Program (NCHRP) Report  153 and Transpor t a t ion  
Research Board C i r c u l a r  191. Tests were made w i t h  a l i v e  d r i v e r  a t  t h e  
Orange County ( C a l i f o r n i a )  Raceway. A s t e e l  p o l e  w a s  s u b s t i t u t e d  f o r  
t h e  wooden u t i l i t y  p o l e  t o  prevent  e r roneous  measurements due t o  s h e a r i n g  
of  t h e  po le .  ( U t i l i t y  p o l e s  tend t o  shea r  when impact speeds r each  about  
30 mph.) 

With an  impact speed of 30 mph, t h e  average  G levels experienced by 
a 4,500-lb. v e h i c l e  when c o l l i d i n g  wi th  t h e  NASA cushion were 4.7 (head- 
on ) ,  4.5 (15 deg a longs ide )  and 5.2 (head-on, o f f  c e n t e r ) .  These levels 
are w e l l  below t h e  NCHRP p re fe r r ed  l e v e l  of 6.0, and f a r  below t h e  
maximum level of 12.0.  I n  a r epea t  tes t  a t  a s l i g h t l y  h ighe r  speed, t h e  
average  G level f o r  a head-on c o l l i s i o n  w a s  s t i l l  a low 4.9.  Extrapola-  
t i o n  of t h e s e  d a t a  i n d i c a t e s  t h a t  t h e  NASA one-module system provides  , 

s a f e  cushioning  ( i .e. ,  less than  12.0 average  Gs) t o  an impact speed of . 
a t  least 40 mph. For p r o t e c t i o n  from u t i l i t y  p o l e s  which shea r  when h i t  
a t  about  30 mph, t h e  s a f e t y  of t he  dev ice  seems assu red .  I n  a d d i t i o n ,  
t h e  NASA c r a s h  cushion can p r o t e c t  an errant vehicle from c o l l i s i o n  w i t h  
any f i x e d  o b s t r u c t i o n  on winding highways and o t h e r  roads  a t  speeds of 
40 mph o r  less.  
t h e  d r i v e r  experienced h i g h e r  G l e v e l s  t han  d i d  t h e  v e h i c l e  (averaging 
5 .5 ) ,  t h e  levels were w e l l  below the NCHRP l i m i t s .  

I n s t rumen ta t ion  of a l ive  d r i v e r  revea led  t h a t ,  a l though 
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Highway a c c i d e n t s  r e s u l t  i n  thousands of dea ths ,  m i l l i o n s  of i n j u r i e s ,  
When a d r i v e r  cannot and b i l l i o n s  of d o l l a r s  i n  proper ty  damage each y e a r ,  

perform a n  a t tempted  maneuver -- whether because of i n s u f f i c i e n t  warning, 
d e f i c i e n c i e s  i n  highway des ign  o r  maintenance, ove res t ima t ing  t h e  capabi l -  
i t i e s  of t h e  v e h i c l e ,  o r  inadequate  d r i v i n g  s k i l l s  -- a n  a c c i d e n t  u s u a l l y  
occurs .  This  r e p o r t  examines only highway des ign  problems and t h e  reduc- 
t i o n  of highway dangers  t o  t h e  moto r i s t .  S p e c i f i c a l l y ,  it relates t o  a 
c r a s h  cushion t o  p r o t e c t  t h e  out-of-control  v e h i c l e  from c o l l i d i n g  w i t h  
f i x e d  o b j e c t s  a long  t h e  roadway. 

C o l l i s i o n s  wi th  f i x e d  o b j e c t s  such as b r idge  p i e r s  and pa rape t s ,  
s t anch ions ,  u t i l i t y  po le s ,  and t r e e s ,  c o n s t i t u t e  t h e  f o u r t h  l a r g e s t  cate- 
gory f o r  highway f a t a l i t i e s  -- approximately 10,000 f a t a l i t i e s  p e r  y e a r .  
Of t h e  3.1 m i l l i o n  motor v e h i c l e  a c c i d e n t s  t h a t  are repor t ed  annua l ly ,  
18%, o r  234 m i l l i o n ,  are  off-the-road a c c i d e n t s .  To l e s s e n  t h e  s e v e r i t y  
of  t h e s e  a c c i d e n t s ,  t h e  Highway Sa fe ty  Program Standard on Highway Design, 
Cons t ruc t ion  and Maintenance (27 June 1967) r e q u i r e s  " p r o t e c t i v e  dev ices  
t h a t  a f f o r d  maximum p r o t e c t i o n  t o  t h e  occupants  of v e h i c l e s  wherever 
f i x e d  o b j e c t s  cannot reasonably be removed o r  designed t o  y i e ld . "  
P r o t e c t i v e  devices  ( i . e . ,  impact a t t e n u a t o r s )  began t o  appear  on America's 
highways about  1970. 

S t a t i s t i c s  f o r  1975 compiled as p a r t  o f  t h e  Fede ra l ly  Coordinated 
Program i n d i c a t e d  2,100 f a t a l i t i e s  and 56,000 s e r i o u s  i n j u r i e s  f o r  freeway 
a c c i d e n t s  involv ing  f i x e d  o b j e c t s ,  and 19,900 f a t a l i t i e s  and 311 m i l l i o n  
s e r i o u s  i n j u r i e s  f o r  nonfreeway off-the-road a c c i d e n t s .  (See Tables  1 
and 2 . )  Of t h e s e  1.1 m i l l i o n  a c c i d e n t s ,  391,000 ( o r  36%) involved trees 
o r  u t i l i t y  po le s .  Only 5% of t h e  f a t a l i t i e s  i n  freeway off- the-road 
a c c i d e n t s  i nvo lve  trees; however on nonfreeways, trees are involved i n  
30% of t h e  f a t a l  off-the-road a c c i d e n t s  and 33% of t h e  s e r i o u s  i n j u r i e s .  

To p r o t e c t  m o t o r i s t s  from i n j u r i e s  r e s u l t i n g  from c o l l i s i o n s  w i t h  
trees and u t i l i t y  po le s  on secondary roads  was t h e  r eason  f o r  t h e  develop- 
ment of t h e  c r a s h  cushion descr ibed  h e r e i n .  Design g o a l s  were: 

(1) A t o t a l  i n s t a l l a t i o n  cos t  of less than  $500. 

(2)  A b a r r i e r  t h a t  would meet t h e  requirements  of  t h e  NCHRP Report  
153 (Reference 3)  except t h a t  t h e  impact speed would be 30- 
35 mph. 

A dev ice  t h a t  would be  non-proprietary.  (3)  

The cushion,  based on l u n a r  landing technology,  was developed as p a r t  of 
t h e  T ~ c h r ; ~ l o g y  Trans fe r  Program of t h e  Nat iona l  Aeornaut ics  and Space 
Adminis t ra t ion  (NASA), a program f o r  adap t ing  NASA technology t o  s o l v e  

1 



t e r r e s t r i a l  problems i n  t h e  p u b l i c  s e c t o r .  
t h e  cushion,  as w e l l  as ins t rumen ta t ion  of t h e  test  v e h i c l e  and d a t a  
a n a l y s i s ,  were c a r r i e d  o u t  by NASA's Jet  P ropu l s ion  Laboratory eng inee r s ,  
under Contract  NAS-7-100. A l l  technology t r a n s f e r  f u n c t i o n s ,  i nc lud ing  
c o s t / b e n e f i t  s t u d i e s  and coord ina t ion ,  were performed by t h e  Technology 
App l i ca t ions  Team a t  S R I  I n t e r n a t i o n a l  under Con t rac t  NAS-2-9846. 

Design and c o n s t r u c t i o n  of 

0 
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Table 1 

* 
FREEWAY OFF-THE-ROAD ACCIDENTS INVOLVING FIXED OBJECTS 

e 
Number of Accidents  

Fatal  I n j u r y  
T o t a l  Cars Trucks Cars Trucks - - -- 

e 

0 

Longi tudina l  
gore  d e l i n e a t o r s  

Rigid po le s  

Rigid s i g n s  

Guard r a i l  ends 

Abutment, p i e r s  

Trees 

T o t a l  

55,000 500 100 17,600 5,200 

30,000 300 100 11,000 3,000 

20,000 200 -- 4,200 1,100 

16,000 200 100 4,500 1,500 

11,000 400 100 3,700 1,000 

-- 2,500 400 

139,000 1,700 400 43,500 12,200 

7,000 - 100 - 

e 
* 
Estimate based on a d e c i s i o n  a n a l y s i s  by FCP, P r o j e c t  l T ,  
exc ludes  nonfreeway acc iden t s .  

Table 2 

NONFREEWAY ACCIDENTS INVOLVING FIXED OBJECTS 
* 

Number of Accidents  

F a t a l  I n j u r y  
T o t a l  Cars Trucks Cars Trucks 

0 

a 

e 

Longi tudina l  
gore  d e l i n e a t o r s  

Rigid po le s  

Rigid s i g n p o s t s  

Guard r a i l  ends 

Abutment, p i e r s  

Trees 

T o t a l  

200,000 

240,000 

240,000 

100,000 

50,000 

114,000 

944 , 000 

1,700 600 64,000 18,000 

2,300 800 76,800 26,800 

600 200 14,000 3,800 

9,000 300 27,000 10,000 

1,600 400 18,000 5,100 

400 39,000 8,700 

1 7  , 200 2,700 238,800 72,400 

- 2,000 

e 
* 

Based on a d e c i s i o n  a n a l y s i s  by FCP, P r o j e c t  1T.  
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11. DESCRIPTIVE INFORMATION 

NASA thoroughly researched  impact a t t e n u a t i o n  b e f o r e  a l u n a r  l and ing  
w a s  a t tempted .  The weal th  of knowledge gleaned from t h i s  r e s e a r c h  has  
been tapped t o  develop a highway c r a s h  cushion having minimal o r  no 
d isadvantages .  The system i s  based on a concept  d i s c l o s e d  i n  a NASA 
Tech Br ie f  (72-10712) wherein many cont iguous c y l i n d e r s  o r  sphe res ,  
arranged i n  mul t ip l e  strata,  a t t e n u a t e  an impact by s e q u e n t i a l l y  c rush ing .  
The impact f o r c e  is d i s s i p a t e d  i n  a c o n t r o l l e d  manner. 

Material s e l e c t i o n  w a s  based on t h e  r e s u l t s  of  a s tudy  made by 
NASA's Jet Propuls ion  Laboratory (JPL) (Knoell  and Wilson, 1976).  Various 
materials and c o n f i g u r a t i o n s  were comparison-tested f o r  ene rgy-d i s s ipa t ing  
c h a r a c t e r i s t i c s ;  materials inc luded  g l a s s ,  steel, aluminum, polypropylene,  
and polye thylene .  As  shown i n  Table  3,  t e c h n i c a l  cri teria used t o  d e t e r -  
mine energy-d iss ipa t ing  c h a r a c t e r i s t i c s  were t h e  energy d i s s i p a t e d  i n  
c rush ing  s t r e s s  (a 

s t r o k e  e f f i c i e n c y  ( e ) ,  which i s  t h e  r a t i o  o f  t h e  "bottoming out"  s t r o k e  
t o  t h e  o r i g i n a l  l eng th .  I n  a d d i t i o n ,  c o s t  f a c t o r s  were es t ima ted ;  t h e  
most i n t e r e s t i n g  is t h e  amount of  c rushab le  energy t h a t  could be  
d i s s i p a t e d  f o r  one c e n t  (E ).  

1, t h e  ene rgy-d i s s ipa t ion  d e n s i t y  (ED), and t h e  CR 

D 
With regard t o  performance and c o s t ,  t h e  metal d i s p o s a b l e  beverage 

cans appeared t o  have t h e  g r e a t e s t  p o t e n t i a l  a p p l i c a t i o n .  S p e c i f i c a l l y ,  
i t  w a s  determined t h a t  f o r  t h e  same c o s t ,  t h e  same amount of energy d i s s i -  
pa ted  by crushing a 55-gal steel  drum could be  d i s s i p a t e d  by c rushing  
an a r r a y  of 325 beverage cans  of  one- th i rd  t h e  volume. This  is emphasized 
because space l i m i t a t i o n  is  a n  impor tan t  c o n s i d e r a t i o n  i n  p l a c i n g  c r a s h  
cushions,  p a r t i c u l a r l y  a t  tree and u t i l i t y  p o l e  l o c a t i o n s .  

A one-module cushion w a s  designed f o r  u s e  on low-speed roadways; 
i . e . ,  40 mph o r  less. The module i s  3 f t .  h igh ,  45 i n .  wide, and 6 f t .  
long ,  and conta ins  about  2,900 s t anda rd  1 2  02.  aluminum beverage cans.  
Cans i n  t h e  rear h a l f  of t h e  module, t h a t  is, t h e  h a l f  a d j a c e n t  t o  t h e  
tree o r  pole ,  are a l i g n e d  a x i a l l y .  However, t hose  i n  t h e  f r o n t  h a l f  are 
randomly o r i en ted  t o  provide  a s o f t e r  i n i t i a l  impact.  
and 2.)  The a l i g n e d  cans  are taped i n  f i v e  rows t h a t  are 1 7  cans  wide 
and 16  cans deep. 
po lyvinyl  c h l o r i d e  coated nylon c o n t a i n s  t h e  cans.  Support ing t h e  bag 
is  a s imple  box frame of plywood shea thed  w i t h  18-gage s tee l  shee t ing .  
The f r o n t  and s i d e s  of  t h e  module frame form one s e c t i o n  t h a t  i s  unat tached  
t o  t h e  back and f l o o r ,  which form ano the r  s e c t i o n .  Upon impact,  t h e  
f r o n t  and s i d e s  s l i d e  backward, as t h e  cans  are crushed,  t h e  s i d e s  
s l i d i n g  pas t  t h e  backstop and tree as shown i n  F igu re  3 .  Two 7-f t .  long,  
wooden 4 x 6 posts ,  which f i t  i n t o  s l o t s  on t h e  f a r  s i d e ,  p reven t  cushion 

(See F igu res  1 

A tear -proof ,  f i r e  r e s i s t a n t ,  waterproof bag of 

4 

a 

a 
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r o t a t i o n  upon impact. 
The materials and q u a n t i t i e s  needed are as shown i n  F igu re  4 .  

Nor f u r t h e r  p r e p a r a t i o n  is  requ i r ed  f o r  i n s t a l l a t i o n .  

The t o t a l  c o s t  f o r  materials is  approximately $150. T o t a l  weight 
f o r  t h e  6- f t .  module i s  less than 300 l b s .  

I f  t h e  u n i t  were purchased, r a t h e r  t han  cons t ruc t ed  by highway 
personnel ,  t h e  c o s t  p e r  u n i t  would i n c r e a s e  t o  about  $500: 

Cost p e r  Unit  

Materials $150 
Equipment 0 
Labor ( 3  h r  @ $8/hr)* 24 
Overhead @ 125% 40 

TOTAL COST $214 
P l u s  p r o f i t  a t  50% of c o s t  107 
P l u s  48% corpora t e  tax 96 

SUGGESTED SELLING PRICE $417 

P lus  ground p r e p a r a t i o n  and i n s t a l l a t i o n  c o s t s  o f  about  $100. 

a 

* 
This  hour ly  rate inc ludes  employee b e n e f i t  c o s t s ,  such as s i c k  leave, 
vaca t ion ,  and insurance .  
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Table 3 

EVALUATION OF ENERGY-DISSIPATING 
CHARACTERISTICS OF VARIOUS MATERZALS 

Category Itea 

D r u u  55-gal drua 

Spheres  Sphere,  
2 . 5  in. d i a =  x 
0.035 in. =a11 
Lightbulb.  
2 in. d i r -  x 
0.020 In .  g a l l  

Sphere. 
i, in. dian x 
0.010 in. Will 

Sphere. 
4 in. d i a r  x 
0.040 in.  = a l l  

Sphere. 
8 in. d i a r  x 
0.065 i n .  w a l l  

Sphere,  
4 in .  :iaa x 
0.04C in. ;rail 
Sphere. 
n i n .  d i m  x 
0.025 in. =all  

Sphere,  
13.5 in. c i a  I 
0.065 i n .  s a l 1  

Dispurablr  12-a2 
COnt.inrrS bc re rage  ca3 

12-02 beverage 
can ( z x i a l )  

16-oZ 
beverage Can 

12-02 
beverage can 

12-ct  b e r e r i g e  
can (axial) 
30-lb 
r e f r i g  c a n  

8-02 beverage 
bo t t l e  

Other 1 i n .  diar 
c y l i n d e r  f l o a t  

3 in .  diam 
muff in  cup  

2 in. d o m d  
c y l i n a e r  
4 x 6 x L i n .  
deep b iock :  
1 l b / f t '  

Class 

Polypropy lcze  

? c l y e t h y l e s e  

Stee l  

Aluzinum 

Aluminum 

Alumina 

A l u m i n a  

Alumina  

Aluminum 

Steel 

Steel 

Steel 

Class 

- Energy-DissiPat ing Characteristic. 

-- ( i n . / l b )  ( l b / i n . 2 )  ( i n . - I b / i ~ ~ . ~ l  

- 
ED OCR ED 

108, OM) 

8 

4 

590 

120 

77.500 

1.850 

6.500 

83.000 

560 

310 

530 

980 

1.310 

67,ObO 

12 

460 

140 

9,200 

1.400 

8 

I 

1 

15 

18 

25 

97 

20 

SO 

26 

8 

14 

35 

27 

90 

1 

10 

7 

960 

19 

9 

1 

1 

18 

22 

290 

135 

25 

65 

23 

11 

18 

43 

53 

95 

1 

I6 

5 

1,010 

14 

ED csrble energy d i s s i p a r e d .  
om - a v c r q e  c r u s h k g  scresc (avg. c r u s h i n g  f 0 r c e l p . x .  c r o s e - s e c t i o n a l  area). 
ED 
e. - s t r o k e  e f f i c i e n c y .  
Cu - e s t i u r e d  u n i t  cost. 
Lo* - eneray d i s s i p a t e d  per pmnv.  

Source: Jct P r o p u l s i o n  LboracoI7 

- 
energy C i s s f p a z e d  p e r  unit v o l u r .  

Cost i a c t a r s  

e. Cu ED 
( i n . - l b / c l  

71 

98 

98 

80 

80 

81 

83 

19 

86 

76 

72 

83 

83 

80 

83 

9s 

82 

92 

66 

77 

10.00 108 

0.50 0 

0.30 0 

0.80 

1.co 

10.00 

5.00 

5.00 

10.00 

0.03 

0.03 

0.03 

0 .03  

0.03 

0.50 

0.06 

1.00 

0.03 

0.60 

0.056 

7 

7 

78 

10 

13 

83 

190 

110 

180 

330 

450 

1310 

1 

1 

47 

150 

250 

a 

a 

4 

6 



Figure 1. Heart of NASA's One-Module Crash Cushion 
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Figure  2. Frame f o r  NASA Crash Cushion 

a 

8 



U a a 
E 

C 
0 



L m 

I 

I I ,  

Y 
I 



111. TEST PROGRAM 

e 

I 

I *  
l 

e 

l 

I. 

0 

During 1978 and 1979, fou r t een  modules were b u i l t  and c r a s h  t e s t e d  
i n  accordance w i t h  t h e  Nat iona l  Cooperat ive Highway Research Program 
(NCHRP) Report 153. 
w e l l  as t h e  f o u r  tests requ i r ed  f o r  eva lua t ing  a c r a s h  cushion.  
153 s ta tes  t h a t  " f o r  lower speed roads  it may be  a p p r o p r i a t e  t o  des ign  
s p e c i a l  c r a sh  cushions f o r  lower i m p a c t . v e l o c i t i e s .  It is  recommended 
t h a t  t h e s e  lower-impact-velocity c r a s h  cushions be  eva lua ted  a t  110 
pe rcen t  of t h e  pos ted  speed l i m i t  f o r  t h e  f o u r  tests,  i n s t e a d  of 60 mph." 
For NASA's one-module system, t h e  f o u r  tes ts  were a d j u s t e d  as fo l lows:  

The test  program inc luded  t e n  p r e t e s t  c r a shes  as 
Report  

Test 1: [4,500-lb. (2,040 kg.)  veh ic l e /30  mph (13.4 m / S >  
/O deg i n t o  cen te r  nose of device . ]  

Test 2: [2,500-lb. (1,020 kg.) veh ic l e /30  mph (13.4 m / s )  /O 
deg. i n t o  c e n t e r  nose of t h e  device . ]  

0 Test 3 :  [4,500-lb. (2,040 kg.)  veh ic l e /30  mph (13.4 m/s) /5 
deg. i n t o  t h e  c o m e r  of dev ice . ]  

0 T e s t  4 :  [4,500-lb. (2,040 kg.)  veh ic l e /30  mph (13.4 m/s) /15 
deg. impact ang le  i n t o  nose / ?  f t .  o f f - cen te r . ]  

Test 3 adjus tments  were necessary  due t o  t h e  s m a l l  s i z e  of t h e  cushion,  
as w e l l  as t h e  lower speed. 

Laboratory Tests 

Experimental  a c t i v i t y  a t  t h e  Jet  Propuls ion  Laboratory (JPL) i n  
Pasadena, C a l i f o r n i a ,  concent ra ted  on t e s t i n g  t h e  beverage can concept  
by determining t h e  c rush ing  c h a r a c t e r i s t i c s  o f  a s i n g l e  can f i r s t ,  and 
then  of a mult iple-can arrangement.  The r e s u l t s  of t h e s e  tests, us ing  
a compression test f a c i l i t y ,  are provided i n  Table 4 .  These d a t a  were 
used i n  des igning  t h e  f u l l - s c a l e  module, w i th  i t s  cans  o r i e n t e d  p a r a l l e l  
t o  t h e  main d i r e c t i o n  of c rush .  With t h i s  c o n f i g u r a t i o n ,  a s i g n i f i c a n t  
amount of c rushab le  energy could be ob ta ined  a t  a known and d e s i r e a b l e  
fo rce .  

F i e l d  Tests 

Fu l l - sca l e  modules b u i l t  by JPL were c r a s h  t e s t e d  a t  t h e  Orange 
County Raceway i n  I r v i n e ,  C a l i f o r n i a  between August 1978 and J u l y  1979. 
The tests were performed by a l ive  d r i v e r  from C a l i f o r n i a  Automotive 
Research. JPL d i d  t h e  in s t rumen ta t ion ,  bo th  accelermietrlc and o p t i c a l ,  
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and superv ised  t h e  test  program. 
behind t h e  raceway, i s  approximately 60 f t .  wide, w i t h  a n  a d d i t i o n a l  
shoulder  width of 60 f t .  The s u r f a c e  i s  completely f l a t ,  w i t h  no 
o b s t r u c t i o n ,  curbs  o r  d i t c h e s .  The test  area encompassed a 3,000-ft .  
s t r e t c h  of t h e  s t ra ightaway,  w i t h  t h e  space  r e q u i r e d  t o  accelerate t h e  
v e h i c l e  t o  speed be ing  450 f t .  Standard u t i l i t y  po le s ,  w i t h  11-12 i n .  
d iameters ,  were used f o r  t h e  p re l imina ry  tests. However, shea r ing  of  t h e  
wooden p o l e s  was noted when v e h i c l e  impact speeds reached 30 mph. For 
t h e  f i n a l  tests, 6-in. I D  steel po le s  wi th  0.5-in. w a l l s ,  were s u b s t i -  
t u t e d  t o  a s su re  cushion  performance du r ing  c o l l i s i o n s  w i t h  l a r g e ,  w e l l -  
roo ted  trees. A l l  p o l e s  were embedded t o  a dep th  of 6 f t .  P o l e  cen te r -  
l i n e  l o c a t i o n  was 24-in. from t h e  road edge. 

The test  t r a c k ,  p a r t  o f  t h e  warm-up area 

One of the  primary a p p l i c a t i o n s  f o r  NASA's one-module c r a s h  cushion -- 
t h e  prevent ion  of  c o l l i s i o n s  wi th  u t i l i t y  p o l e s  on  mountain roads  where 
shou lde r s  are narrow -- i n f luenced  t h e  des ign  of t h e  tes t  program. Test 
runs  could be made a x i a l l y  o r  o f f - cen te r ,  i n  o r  o u t  of a l ignment  of 
cushion nose.  Cushions could  be  p laced  a t  a 15-deg. a n g l e  t o  t h e  road- 
way, w i t h  t h e  d i s t a n c e  between cushion edge and roadway edge be ing  
ad j u s  t ab1 e. 

F i f t e e n  modules were c r a s h  t e s t e d  du r ing  s i x  days of t e s t i n g ,  
spaced about  60 days a p a r t .  The f i r s t  f o u r  were p r e l i m i n a r y - t e s t  days.  
Vehic le  speeds f o r  t h e  f i r s t  e i g h t  c r a shes  ranged from 1 5  mph t o  22.5 
mph t o  a s s u r e  d r i v e r  s a f e t y .  Lateral and l o n g i t u d i n a l  acce lerometers  
were a t t ached  t o  a mounting b lock ,  which w a s  secured  t o  t h e  v e h i c l e  i n  
accordance with NCHRP Report  153 and wi th  Transpor t a t ion  Research C i r c u l a r  
191. F i n a l  tests were made a t  30 mph. R e s u l t s  of t h e s e  tests appear  i n  
F igu re  5 through 7 ,  and t h e  c a l c u l a t e d  G level  i n  Tables  5 through 8. 
Although t h e  d u r a t i o n  of impact was always equal  t o  o r  g r e a t e r  than  300 
mi l i seconds  average a c c e l e r a t i o n s  were c a l c u l a t e d  f o r  50, 100 and 300 
mi l i seconds .  Average G l e v e l s  were w i t h i n  t h e  6.0 p r e f e r r e d  levels set 
by both  NCHRP and AASHTO (American Assoc ia t ion  of S ta te  Highway and Trans- 
p o r t a t i o n  O f f i c i a l s ) ,  and w e l l  w i t h i n  t h e  12.0 l i m i t  ( s e e  Table  9 ) .  A t  
no t i m e  d i d  bottoming of t h e  cushion occur .  Examination of t h e  cans a f t e r  
impact revea led  t h a t  i n  every case a t  least a n  a d d i t i o n a l  f o o t  of compre- 
s s i o n  of t h e  cans  w a s  p o s s i b l e  wi thou t  bottoming. Damage t o  t h e  v e h i c l e  
w a s  always l i m i t e d  t o  t h e  r a d i a t o r ,  g r i l l  and f e n d e r ( s ) ,  w i t h  no cracked 
windows, no blown tires and no i n j u r y  t o  t h e  d r i v e r ;  head-on c r a s h e s  i n t o  
t h e  nose of t h e  dev ice  (cushion)  r e s u l t e d  i n  on ly  a den t ing  of t h e  g r i l l  
and hood. 
w i t h  b a l l a s t .  

The v e h i c l e s  were 1973 Dodge P o l a r a s  and a 1978 Datsun B210, 

Ca lcu la t ions  were a l s o  made of  t h e  G levels t o  be  expected a t  40 and 
45 mph (Figure 8 ) .  A 4500-lb. v e h i c l e  impact ing t h e  module w i t h  a 6- f t .  
s topping  d i s t a n c e  (c rush ing  of  b a r r i e r  and c a r )  a t  40 mph would r e g i s t e r  
average  G l e v e l s  of about  11 .4 ,  
t h e  4,500-lb v e h i c l e  t r a v e l i n g  a t  30 mph (44 f t / s e c )  has  a k i n e t i c  energy 
o f  

From a n  energy a b s o r p t i o n  s t a n d p o i n t ,  

n 

0 

0 

0 

0 

1 / 2  . 4500 . 44', o r  135,280 f t  l b .  
32.2 
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e 

0 

Assuming t h a t  t h e  average  fo rce  acts f o r  t h e  e n t i r e  6 f e e t  of travel, 
t h e  f o r c e  i s  135,280 o r  22,546 lb. 

6 
I f  t h e  same f o r c e  were t o  a c t  f o r  an a d d i t i o n a l  f o o t  of travel 

d i s t a n c e ,  t h e  energy absorbed would be inc reased  (7 /6  = 117%).  
Th i s  corresponds t o  a v e l o c i t y  inc rease  of 8.0% ( = 1.083) .  The 
impact speed would then  be  about  32.4 mph (1.08 x 30 = 32.4).  

However, assuming t h e  average f o r c e ,  (and hence t h e  average  G l e v e l )  
were a l s o  inc reased  as bottoming i s  approached, and assuming t h i s  i n c r e a s e  
were by SO%, then  f o r  a 7-f t .  t r a v e l ,  t h e  energy absorbed would i n c r e a s e  
by 76% (1.5 x 1.17 = 1.76) ;  t h e  corresponding impact speed would be 

( 1 . 7 l l 2  x 30) = 39.8 mph. Th i s  would correspond t o  a 7.6 G a c c e l e r a t i o n  
f o r  a 7-f t  travel w i t h  an impact speed of 40 mph. 

A s  i n d i c a t e d  earlier,  t h i s  is w e l l  below t h e  a l lowab le  12  G average  
a c c e l e r a t i o n  and is  be l i eved  t o  be a r easonab le  e x t r a p o l a t i o n .  
t h e r e f o r e  be l i eved  t h a t  t h e  b a r r i e r  is  s a f e  f o r  a 40 mph c ra sh .  

It  i s  

An a d d i t i o n a l  c r a s h  test w a s  conducted a t  31 mph, head-on i n t o  t h e  
cushion nose us ing  a 4,500-lb. vehicle. The r e s u l t i n g  G levels, as shown 
i n  F igu re  9 and Table  10 ,  confirm t h e  c a l c u l a t i o n  made i n  F igu re  8. 

Of a d d i t i o n a l  i n t e r e s t  are the  acce lerometer  r ead ings  f o r  t h e  helmet 
(F igures  10 and 11) which seem t o  i n d i c a t e  t h a t  t h e  d r i v e r  is  sub jec t ed  
t o  h i g h e r  G levels than  is t h e  vehicle. I n  a l l  b u t  t h e  f i r s t  c r a s h  test ,  
t h e  helmet acce lerometer  r e g i s t e r e d  G levels t h a t  exceeded t h e  c h a r t  
l i m i t  of 10.0 f o r  as much as 75 mil iseconds.  A comparison of t h e  d a t a  
i n  Tables  5 and 10,  f o r  head-on c ra shes  of 4,500-lb. v e h i c l e s  a t  30 and 
31 mph, r e s p e c t i v e l y ,  reveals t h a t  a l though  average  G levels  f o r  t h e  
v e h i c l e  w e r e  7.0 and 8.8 f o r  50 m s ,  t h o s e  f o r  t h e  helmet were 12.0 and 
21.0. That i s ,  G levels  f o r  t h e  helmet were a t  l e a s t  25% h ighe r .  Average 
G levels f o r  300 m s  were equiva len t ,  however. These h ighe r  levels were 
assumed t o  r e s u l t  from head r o t a t i o n ,  which occurred  i n  s p i t e  of t h e  r ac ing  
harness  worn by t h e  d r i v e r .  
t i o n  t h a t  t h e  d r i v e r  experienced s i g n i f i c a n t  head r o t a t i o n .  (Doors were 
removed from t h e  v e h i c l e s  -- and rep laced  by b a r s  -- t o  f a c i l i t a t e  d r i v e r  
escape  and t o  accomodate photographing of t h e  d r i v e r . )  This f i n d i n g ,  n o t  
inc luded  i n  t h i s  project’s o b j e c t i v e s ,  may i n d i c a t e  a need f o r  f u r t h e r  
s t u d i e s  on t h e  r e l a t i o n s h i p  between v e h i c l e  impact d a t a  and d r i v e r /  
passenger  d a t a .  

High-speed photography confirmed t h i s  assump- 
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Table 4 

Scal ing f a c t o r s :  r a t i o  of m u l t i p l e  e l e m e n t  t o  s i n g l e  
e l e m e n t  d a t a  

Sca l ing  f a c t o r s  
I t e m  M a t e r i a l  

ED uCR ED E 

0. 94 

0 . 7 5  

~~~~~ 

P 01 y e  t hy 1 e n e  T o p  l a y e r  6 
h l idd le  l a y e r  7 

0 . 8 5  0. 6 9  0. 8 2  

0. 61 

B o t t o m  l a y e r  7 
T o t a l  20 

- 
s p h e r e ,  
4" d i a m  x 
0. 40" M-all 

Top l a y e r  6 
h4iddle l a y e r  7 
B o t t o m  l a y e r  7 

T o t a l  20 
s phe r e , 
4 "  d i a m  x 
0. 040" 1val l  

- 
A l u m i n u m  

~ ~~ 

0. 61  0.74 

T o p  l a y e r  5 
h l idd le  l a y e r  5 
B o t t o m  l a y e r  - 5 

T o t a l  15 

s phe r e ,  
8" d i a m  x 
0.  025" wal l  

A1 u m i  nu m 0. 72  0 . 7 2  1. 85 

1. 09 

0. 85 

0. 89  

1. 00 

T o p  l a y e r  5 
2nd l a y e r  5 
3 r d  l a y e r  5 
4 t h  l a y e r  5 

5 
T o t a l  25 

- 5 t h  l a y e r  

12 - 0 2  beve r - 
a g e  c a n  

S t e e l  0.94 0. 81  

4 

T o p  l a y e r  5 
2nd l a y e r  5 
3 r d  l a y e r  5 
4 t h  l a y e r  5 

A l u m i n u m  0. 78 0. 85 0 . 7 2  

5 
T o t a l  25 

- 5 t h  l a y e r  4 

1 2  -02 beve r -  
a g e  c a n  
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TABLE 5 

ACCELEROMETER 
LOCATION 

TEST RESULTS : 4, SOO-LB VEH I C L E / 3 0  MPH/ 

0 DEG I N T O  CENTER NOSE OF DEVICE 

MAX 

Gs 
AVERAGE Gs 

u uQ& zuls 

FRONT FLOOR BLOCK 9 , 5  705 6,7 4,8 

10 ,o 6,5 6 , l  4 , 6  

10,s 8,5 7,2 4,2 

REAR FLOOR BLOCK 

HELMET 

TABLE 6 

TEST RESULTS: 2,250-~~1, VEHICLE/Jo MPH/ 

0 DEG I N T O  NOSE OF DEVICE 

ACCELEROMETER MAX AVFRAGF Gs 
LO CA T I Of 4 Gs 5QE ULfS 3!mGi 

FRONT FLOOR BLOCK 
e 

9 , 5  
10 ,o 

7,O 
710 

6 , l  
6 ,O 

REAR FLOOR BLOCK 12 8 5  6 , 5  6 ,I 
1280 8 IO 6,O 
* e HELMET 

4 89 
4 ,5 

4 8 4  

5.3 

RECORDING EXCEEDED CHART L I M I T S ,  
0 

15 

e 



TABLE 7 

15-20 DEG ALONGSIDE DEVICE 
TEST RESULTS : 4, 500-LB I VEH I C L E / 3 0  MPH/ 

ACCELERORETER MAX AVFRAGF Gs 
I O C A T I O N  Gs XUE lQQMs x !b !E  

FRONT FLOOR BLOCK 11,5 7 ,O 6 80 4,2 

REAR FLOOR BLOCK 11,5 7 8 5  6,1 4,8 

HELMET 32,s 12.0 905 5,5 

TABLE 8 

TEST RESULTS : 4, ~ O ~ ) - L B  V E H I C L E /  
30 M P H / I O - ~ S  DEG I N T O  

PJOSE O F  D E V I C E ,  
2 FT,  OFF CENTER 

ACCELEROMETER MAX 
I OCATION ki %As 100- 

FRONT FLOOR BLOCK 11,5 9.5 7 8 7  

11#0 785 7,o 
REAR FLOOR BLOCK 1 2 # 0  10,o 3 # 0  

10,O 7 # 5  7 #1 
HELMET 10 ,+* * 

RECORDING EXCEEDED CHART L I M I T S  

5,2 
4 8 7  

6.1 
409 

16 



TABLE 9 
AVERAGE G LEVELS FOR REQUIRED TESTS e 

TEST D E S C R I P T I O N  AVERAGE Gs 
5 s k  l!us xlQMs 

4 , 5 0 0 - ~ ~  VEHICLE;  30 MPH/O DEG I N T O  
CENTER NOSE OF DEVICE 7,O 6,4 4 a7 

0 

2,250-LB VEHICLE;  30 MPH/O DEG INTO 
NOSE OF DEVICE 7 S  6 , 1  4 ,8  

0 
4,500-LB V E H I C L E ;  30 M P H / 1 5 - 2 0  DEG 
ALONGSIDE OF D E V I C E  7 a3 6 , 1  4 8 5  

4 , 5 0 0 - ~ ~  V E H I C L E ;  30 M P H / 1 0 - 1 5  D E C  
I N T O  NOSE O F  DEVICE,  2 F T a  OFF CENTER 8,6  7 a7 

TABLE 10 

5 , 2  

TEST RESULTS: 4,500-~~ VEHICLE/34 MPH/ 

0 DEG INTO CENTER NOSE OF D E V I C E  

ACCELEROMETER MAX AVFRAGF Gs 
LoCAsIoN Gs SLMS u xl!&5 

FRONT FLCOR BLOCK 12 # 5  9 8 0  8,O 4 , 8  

REAR FLOOR BLOCK 13 ,O 8,s 7 ,O 4 a9 

HELMET 32,O 2110 12,5 5 , 8  
e 
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RUN 13 (12-19-78) 

CHANNEL 1 
FRONT FLOOR 

0 

(I 
CHANNEL 2 
REAR FLOOR 

CHANNEL 3 
HELMET 

RUN 14 (12-19-78) 

CHANNEL 1 
FRONT FLOOR 

CHANNEL 2 
REAR FLOOR 

CHANNEL 3 
HELMET 

Figure 5, Accelerometer Traces; Run 13 and Run 14 



lo 

le 

I. 

RUN 15 (7-12-79) 

CHANNEL 2 
REAR FLOOR 

CHANNEL 1 
FRONT FLOOR 

CHANNEL 3 
HELMET 

- RUN 16 17-12-79) 

CHANNEL 1 
FRONT FLOOR 

CHANNEL 2 
REAR FLOOR 

CHANNEL 3 
HELMET 

Figure 6. Accelerometer Traces; Run 15 and Run 16 
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RUN 17 (7-12-79) 4 

CHANNEL 1 
FRONT FLOOR 

CHANNEL 2 
REAR FLOOR 

CHANNEL 3 
HEADSET 

Figure 7. Accelerometer Traces; Run 17 
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TV. COST ANALYSIS 

I n  s e l e c t i n g  a c r a s h  cushion,  t h e  highway engineer  weighs c o l l i s i o n  
r e p a i r  c o s t s  and r e g u l a r  upkeep c o s t s  a g a i n s t  i n i t i a l  c o s t s .  Therefore ,  
a l l  t h r e e  c o s t s  must be  cons idered  i n  a c o s t  a n a l y s i s .  Comparisons are 
made w i t h  20-ft. systems t h a t  are c u r r e n t l y  a v a i l a b l e  i n  t h e  market- 
p l ace .  

I n i t i a l  Costs  

Based on 1977 b i d  p r i c e s  of i n s t a l l a t i o n s  designed f o r  60 mph impacts ,  
t h e  C a l i f o r n i a  DOT f i r s t - c o s t  estimates are g iven  below. Ranges are 
given t o  accommodate v a r i a t i o n s  i n  geometr ic  des ign .  That is, a l though 
i n s t a l l a t i o n s  were of t h e  same l e n g t h ,  one  would b e  c o s t l i e r  t han  ano the r  
i f  it were wider o r  i f  s i t e  p r e p a r a t i o n  were e x t e n s i v e  

I n s t a l l a t i o n  Costs  
( d o l l a r s  1 

Sand b a r r e l s  $5,000-7,000 
Water - f i l l ed  sandwich 17,500-21,000 
S t e e l  drums 9,000-10,000 
Vermiculite conc re t e  c a r t r i d g e s  18,000-21,000 

The average  c o s t  f o r  i n s t a l l a t i o n  of  t h e  NASA system of t h e  same s i z e  is  
expected t o  be $2,500 ( 3  modules p l u s  i n s t a l l a t i o n  c o s t s ) .  According t o  
t h e  AASHTO, n a t i o n a l  averages  are much lower p r i m a r i l y  because of lower 
l a b o r  c o s t s ;  however, c o s t s  f o r  t h e  NASA c r a s h  cushion  are be ing  compared 
wi th  t h e  C a l i f o r n i a  averages ,  because t h e  cushion w a s  developed i n  Calif- 
o r n i a  a t  C a l i f o r n i a  rates. 

C o l l i s i o n  Repair Costs  

Most pos t cons t ruc t ion  c o s t s  f o r  c r a s h  cushions are incu r red  as a 
r e s u l t  o f  acc iden t s .  Therefore ,  d e s p i t e  a h igh  i n i t i a l  c o s t ,  a c r a s h  
cushion with low r e p a i r  c o s t s  may b e  most c o s t - e f f e c t i v e  f o r  l o c a t i o n s  
having a h i s t o r y  of numerous c ra shes .  Based on d a t a  c o l l e c t e d  by t h e  
C a l i f o r n i a  DOT, a t a b u l a t i o n  w a s  made (Table  11) t h a t  reviews system 
c o s t s  from a combined p o s i t i o n  of i n s t a l l a t i o n  and r e p a i r .  Because 
systems a r e  o f t e n  r ep laced  a f t e r  1 0  h i t s ,  t o  preserve t h e  s t r u c t u r a l  
i n t e g r i t y  of t h e  u n i t ,  a 10-h i t  l i f e  has  been assumed f o r  each system. 

a 

0 

0 
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Table 11 

COST COMPARISON OF IMPACT ATTENUATORS 

Device 

Sand b a r r e l s  

Water - f i l l ed  
sandwich system 

Vermicul i te  conc re t e  
c a n n i s t e r s  

S t e e l  drums 

NASA b ever  ag  e- can 
system 

Average H i t s  
Bid P r i c e  + Repair  Cost x p e r  
( d o l l a r s )  ( d o l l a r s )  Unit  

7,000 1,218 1 0  

21,000 252 10  

21 , 000 420 1 0  

1 0  , 000 9 30 10 

2 , 500' 325** 10 

Repair  T o t a l  
% of  Bid Cos t ($)  

17.4 19,180 

1 . 2  23,520 

2.0 25 , 200 

9 .3  19,300 

17.4 5,750 

* 
Based on C a l i f o r n i a  DOT d a t a  (1970-1977). 

'Estimated c o s t  f o r  3-module system. 
** 

A r b i t r a r y  u s e  of h i g h e s t  percent  f o r  o t h e r  systems (17.4%), less $100 
sa lvage .  

A t e n - h i t  l i f e  is  equa l  t o  10 years  (average of 1 h i t  p e r  y e a r ) .  
r e p a i r  c o s t s  are de r ived  by adding i n i t i a l  c o s t s  t o  t h e  average r e p a i r  
c o s t s  m u l t i p l i e d  by t h e  1 0  h i t s .  No i n f l a t i o n a r y  f a c t o r  has  been i n s e r t e d  
f o r  t h e  1 0  yea r s .  

T o t a l  

Regular Maintenance Costs  

Costs  are r e g u l a r l y  incu r red  f o r  checking water levels i n  water- 
f i l l e d  systems and adding an t i - f r eeze  i n  co ld  climates, removing t h e  
d e b r i s  t h a t  c o l l e c t s  i n  cabled  and fendered systems, adding sal t  t o  t h e  
sand b a r r e l s  t o  prevent  caking,  and f o r  vandalism. 
s u b j e c t  t o  vandalism, bu t  t h e  w a t e r - f i l l e d  c l u s t e r  is e s p e c i a l l y  vandal- 
i z e d  because of i t s  a t t r a c t i v e n e s s  t o  sha rpshoo te r s  who l i k e  t o  puncture  
t h e  unpro tec ted  v i n y l  ce l l s  and e f f e c t  a spou t ing  of t h e  water. 
f i l l e d  cel ls  i n  sandwich system a r e  p r o t e c t e d  by t h e  r e d i r e c t i o n a l  
f ende r s  . I  

A l l  systems are 

(Water 
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Based on t h e  assumption t h a t  1 man-hour p e r  month p e r  cabled / fendered  
system is requi red  f o r  hardware checks and d e b r i s  removal and t h a t  water 
l e v e l s  are checked weekly and r e q u i r e  ano the r  1 man-hour p e r  month p e r  

During i t s  10-year l i f e ,  
f o r  d e b r i s  removal, ano the r  $1,080 f o r  water-level checks,  as much as 
$3,000 f o r  e thylene  g l y c o l ,  and about  $500 f o r  c l u s t e r  c e l l  replacement  
due t o  vandalism f o r  a t o t a l  n o n c o l l i s i o n  maintenance c o s t  of $2,660 
(no a n t i f r e e z e )  t o  $5,660.' Sand-barrel  i n s t a l l a t i o n s  must be  checked 
f o r  c o r r e c t  b a r r e l  p o s i t i o n s  and sand levels which r e q u i r e s  about  1 man- 
hour pe r  month p e r  system, o r  $1,080 f o r  a 10-year per iod .  
b a r r e l  i n s t a l l a t i o n  does n o t  have a 10-year l i f e ;  by des ign  i t  d i s i n t e -  
g r a t e s  and p a r t  o r  a l l  of t h e  b a r r e l s  must b e  r ep laced  a f t e r  each  impact . )  
Vermicul i te  conc re t e  systems r e q u i r e  on ly  d e b r i s  checks ($108/yr) and 
occas iona l  p a i n t i n g  (about 2 man-hours p e r  yea r  a t  $15/hr) f o r  a 10-year 
c o s t  of $1,380 pe r  system. Because of t h e i r  s u s c e p t i b i l i t y  t o  c o r r o s i o n  
from d e i c i n g  s a l t s  and o t h e r  agen t s ,  steel drums may r e q u i r e  r e p a i n t i n g  
on a r e g u l a r  b a s i s  as w e l l  as d e b r i s  removal, e s t ima ted  a t  1.5 man-hours 
p e r  system per  month o r  $1,620 f o r  a 10-year per iod .  Thus, t h e  c o s t  
comparisons a r e  r e v i s e d  as  fo l lows:  

system of l abor  t i m e ,  annual  c o s t s  f o r  r o u t i n e  maintenance can be  e s t ima ted .  4 * t h e  average  w a t e r - f i l l e d  system w i l l  c o s t  $1,080 

(The sand- 
4 

4 

Average 
T o t a l  Cost 

(10-yr l i f e )  

Sand b a r r e l s  $20,260 
Water - f i l l ed  sandwich 26 , 180 
Vermicul i te  conc re t e  c a n n i s t e r s  26,580 
S tee l  drums 20.920 

4 

Routine maintenance f o r  t h e  NASA system i s  expected t o  i n c l u d e  d e b r i s  
cleanup and r e p a i n t i n g  which r e q u i r e  1 .2  man-hours p e r  month o r  $1,380 
f o r  10 y e a r s ,  f o r  a t o t a l  of $7,130. For t h e  one-module system t h e  
expected 10-year c o s t  would be  about  $2,000. 

* 
Accidents  average 1 p e r  yea r  pe r  c r a s h  cushion;  hence,  10 a c c i d e n t s  
equa l  10  years .  

Based on 1978 maintenance c o s t s .  
t 
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e 
V . CONCLUSION 

e 

e 

NASA's c rash  cushion i s  a small (3 .25  x 3 x 6 f t . )  one-module system 
f o r  u se  on roadways of 40 mph or  less. Its l i g h t  weight (300 l b . )  and 
t h e  absence of anchor cab le s  mean easy  i n s t a l l a t i o n .  
averaging  about  4.8,  and low m a t e r i a l  c o s t s  of about  $150, should l e a d  
t o  widespread use  as a n  impact a t t e n u a t o r  f o r  u t i l i t y  p o l e s  on a l l  
roadways and as an a l l -purpose  impact a t t e n u a t o r  for low-speed roadways. 
Because t h i s  technology w a s  developed by t h e  f e d e r a l  government, i t  is  
non-proprietary and use  of i t  i s  encouraged. However, i f  u n i t s  are t o  
be cons t ruc t ed  f o r  p r o f i t ,  r i g h t s  t o  t h e  p a t e n t  (U.S. P a t e n t  4,118,014) 
should be obta ined  from t h e  NASA P a t e n t  Off ice .  

Low G levels ,  

e 

e 
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